gene. These observations suggest that the expression MOR28 ϩ cells also express CFP (n Ͼ 2500) (Figures  1Bd-1Bf ). Approximately 90% of the CFP ϩ neurons are of a functional odorant receptor is likely to signal the termination of switching. This mechanism assures that also MOR28 ϩ , indicating that, once the MOR28 allele is chosen, its expression is stable for the life of the majority all neurons will ultimately express a functional receptor and that the choice of this receptor will remain stable of neurons. However, roughly 10% of the CFP ϩ neurons no longer express MOR28 receptor (Figures 1Bd-1Bf) , for the life of the cell. This provides a solution to the "pseudogene problem" and has implications for the and we have examined the fate of this population of cells. mechanisms assuring the singularity of receptor gene choice and monoallelic OR gene expression.
Several independent experiments indicate that these cells have extinguished MOR28 expression and have switched to express different receptor genes. First, we Results used antibodies directed against CFP together with in situ hybridization using RNA probes for ten receptor The Stability of Receptor Gene Choice We have developed a gene targeting strategy that allows genes expressed in zone I of the epithelium. CFP ϩ cells express one of the ten receptor genes at frequencies us to examine the stability of receptor gene choice over the life of an olfactory sensory neuron. A construct conranging from 0.05% to 0.2% ( Figure 1C (Figures 1Da-1Dd) , indipress MOR28 receptor also express Cre, and all Cre ϩ cells are also MOR28 ϩ (n Ͼ 5000) (Figures 1Ba-1Bc) .
cating that switching to the second MOR28 allele occurs with a frequency that approximates the frequency of Cre-mediated recombination is highly efficient in neurons expressing the modified MOR28 allele, since all MOR28 expression in zone I of wild-type animals. In a third experiment, we exploited the observation from the high-level expression that arises from the normal expression of the MOR28-IRES-Cre allele. We have that neurons expressing a given receptor converge on one medial and one lateral glomerulus within the olfacperformed two experiments that render this interpretation unlikely. First, we asked whether we could identify tory bulb ( Figures 3Bb-3Bd and 3Bf- glomeruli that are largely restricted to the ventral region of the olfactory bulb ( Figure 5A ). Significant variation 3Bh). Thus, cells choose the wild-type and mutant MOR28 alleles with roughly equal frequency.
in the density of innervation of individual glomeruli is observed (Figures 5Aa-5Ac) . Some glomeruli contain Switching at the P2 Locus We have previously generated mice that express a modirelatively few GFP ϩ fibers, whereas others are more richly innervated, suggesting that, upon switching, diffied P2 allele, P2⌬-IRES-tau-lacZ, which contains a deletion of the entire P2 receptor coding region (Wang et ferent receptors are chosen with different frequencies. Further, in animals heterozygous for the MOR28⌬-Cre al., 1998). At birth, the frequency of cells transcribing this mutant P2 allele is roughly equal to the frequency allele, we observe that CFP ϩ fibers innervated the wildtype MOR28 glomerulus as well as a number of neighof cells expressing a functional P2-IRES-tau-lacZ allele. However, the axons from neurons expressing this muboring glomeruli (Figures 5Ad-5Af) . The high density of innervation of the wild-type MOR28 glomerulus is tant P2 allele fail to converge on discrete glomerular targets and project diffusely within the olfactory bulb. consistent with the observation that the MOR28⌬ allele switches frequently to the other MOR28 allele. These Moreover, the number of lacZ ϩ cells diminishes dramatically over time such that, by ten weeks, less than 1% experiments indicate that an MOR28⌬-Cre allele, encoding a nonfunctional receptor, is chosen for expression of the lacZ ϩ neurons present at birth remain in the epithelium. One interpretation of these findings is that neuat a frequency equivalent to that of the wild-type allele; however, its expression is extinguished and receptor rons that fail to express a functional receptor ultimately die. An alternative explanation consistent with the curswitching is observed in the vast majority of these neurons. The observation that switching occurs at high frerent data is that neurons expressing the mutant P2 allele switch to transcribe a different receptor from the reperquency in cells expressing the mutant MOR28 allele suggests that a functional receptor is required for stable toire of olfactory genes expressed in its zone. If receptor choice upon switching is random, then lacZ ϩ neurons receptor gene expression. might choose all receptors permitted within zone III and served phenotype. We first asked whether neurons expressing the P2⌬-IRES-tau-lacZ allele undergo apoproject to multiple glomeruli.
We have therefore analyzed the neurons expressing ptotic cell death by performing TUNEL assays on the sensory epithelium at 3 weeks ( Figure 6 ). As a positive the P2⌬-IRES-tau-lacZ allele to discern whether receptor switching or cell death is responsible for the obcontrol for our TUNEL assays, a small segment of the There is a second consequence of the switching prolacZ ϩ fibers innervate two glomeruli. Thus, it is likely that stabilization of receptor choice does not employ cess: the maintenance of a large repertoire of pseudogenes. The absence of a switching mechanism would the transduction pathway activated by odorants on dendrites. However, it remains possible that receptor choice result in a large frequency of nonfunctional olfactory neurons, a feature likely to be selected against over is stabilized by odor binding at the dendrite that activates an alternate signal transduction pathway. In this evolutionary time by pseudogene loss. Pseudogenes, however, provide a potential repository for the generamanner, olfactory experience could sculpt the repertoire of ORs. Alternatively, the feedback signal mediating station of new receptors that may be important in allowing a species to rapidly adapt to changes in the environbilization of receptor choice could result from the activation of ORs on axon termini (Barnea et al., 2004) ment. For many organisms, smell is the primary sensory modality used to identify food, predators, and mates. The ability to recognize novel odors could be enhanced Receptor Switching and the Pseudogene Problem The mouse genome contains an estimated 1500 OR by a rapidly evolving repertoire of olfactory receptors, a process facilitated by a large collection of pseudogenes. genes, of which 340 are pseudogenes, whereas the human genome contains 550 pseudogenes out of 900 iden-
The maintenance of such a reservoir of pseudogenes, 
